This paper reports the application of silicon bipolar junction transistor (BJT) modeling techniques to the modeling of dynamic behavior of high-voltage 4H-SiC BJTs, and the experimental validation thereof. High-voltage silicon BJTs are impractical due to their low current gain that requires a bulky base driver. Emergence of high-voltage 4H-SiC vertical NPN BJTs with a tenfold higher gain enables the application of efficient drivers, with ratings close to those of IGBTs. This paper demonstrates the advantages offered by 4H-SiC BJTs by means of wide-scale measurements at 800 V and 10 A in a range of temperatures up to 175°C and adjusted base driver switching rates. This paper shows that the turn-OFF storage delay in the SiC BJT is two orders of magnitude lower than that of the silicon device. It also shows that the turn-ON switching transients of SiC device are by an order of magnitude and the turn-OFF transients are by two orders of magnitude faster than that of its silicon counterpart, resulting in a tenfold reduction of the switching energy. It also demonstrates the temperature dependence of switching transients of the silicon BJT, and the relative temperature-invariance of the SiC device's performance. This paper concludes with validation of the transient models for the 4H-SiC NPN BJT, showing that the model is sufficiently accurate for transient switching and loss calculations.
The Impact of Temperature and Switching Rate on Dynamic Transients of High-Voltage Silicon and 4H-SiC NPN BJTs: A Technology Evaluation semiconductor field-effect transistor (MOSFETs) and insulated gate bipolar transistors (IGBTs). The advantages of the latter devices are realized by a gate oxide between gate metallization and the P-type body region, forming a channel. It is now evident that the existence of this gate channel creates reliability challenges [1] especially at higher temperatures [2] . This worsens when silicon carbide (4H-SiC) is used to fabricate the devices [3] . BJTs inherently do not have gate oxide and therefore do not suffer from the oxide reliability issues or reduced channel mobility due to lower carrier concentrations in the cannel [4] . In addition, the low current gain (h FE ) in silicon power BJTs is recently significantly improved (by at least an order of magnitude) in SiC BJTs [5] . This is due to the wider bandgap and higher critical electric field of the device enabling reduction of dimensions of the base and voltage-blocking drift region. This, in turn, provides higher efficiency in emitter/collector junctions and a higher current gain [6] . Other bipolar devices, such as IG-BTs, could also be made by SiC [7] , although only practical for extremely high voltages. Fabrication of BJTs by 4H-SiC also enables increasing the voltage level to significantly higher values, as the leakage current is reduced, and therefore the natural bipolar multiplication of BJT does not occur prematurely [8] . This expands the safe operating area (SOA) that is normally limited by the secondary breakdown [9] .
Applications of SiC BJTs are already demonstrated in power converters such as the 200 A and 50-kW dc-dc converter assembled solely by SiC BJTs yielding an extremely high efficiency for potential application in electric vehicles. It is shown that each SiC BJT has a current density of over twice that of silicon IGBTs [10] . High-voltage (≥800 V) BJTs are also still in demand as deflection transistors in certain special screens [11] . If reverse conduction is not required, such as in boost converters, SiC BJTs have a comparable, if not better, conduction efficiency over unipolar devices [12] . When reverse conduction is required, the available reverse conduction path of silicon power MOSFETs via the antiparallel bipolar body diode is not useful too due to the extremely poor reverse recovery of the body diode. This is even worse in superjunction power MOSFETs. The bipolar reverse recovery deteriorates in higher temperatures by increase of minority carrier lifetimes in silicon. The very low minority carrier lifetime in SiC and smaller temperature-dependence assist in overcoming this challenge in bipolar SiC devices. SiC BJTs also do not exhibit reliability chal- [13] . In addition to significant improvement in current gain (h FE ) and a smaller base driver, the bipolar structures enable conductivity modulation to reduce the ON-state resistance. SiC BJTs are the only wide-bandgap device that has a significant short-circuit capability (up to 20 μs at full voltage) [8] . Therefore, they can be used in applications such as inductive motor drives with short-circuit requirements [8] . SiC BJTs have a high avalanche ruggedness [14] and have square reverse bias safe operating area (RBSOA). The smaller parasitic capacitors due to smaller size of the device also means less ringing at the output [15] . Fig. 1 represents the cross-sectional structure of such a vertical NPN BJT with main device parameters identified as listed in Table I . The high-voltage 4H-SiC BJTs are currently only made in NPN structure due to the lack of highly doped P-type substrates with high conductivity. Similar to other high-voltage device structures, it also has a drift region to form the depletion area to enable it sustain high voltages [16] .
This paper investigates the performance of 4H-SiC BJTs as opposed to vertical silicon BJTs with analysis of dynamic switching transients seen in experimental measurements in a wide range of temperatures (25 to 175°C) and base resistances (R Base = 3.75 to 11.75 Ω). Section II discusses the an-alytical modelings required for understanding of the dynamic transients of power BJTs. Section III explains the experimental setups. Section IV provides the measurements results, and finally, Section V concludes this paper.
II. MODELING ANALYSIS
To analyze the performance of the device shown in Fig. 1 , all the parameters have to be first defined. These are listed in Table I to analytically describe the dynamic switching transients of high-voltage NPN BJTs. The doping of drift region (N D in W N ) is at least an order of magnitude lower than the doping of base (N B in W B ). Likewise, the doping of the emitter region is at least an order of magnitude higher to enhance the emitter injection efficiency and the gain. The minority carrier charge stored in the base consists of two sections, which is Q SB(t V ) , removed during the voltage rise section of the turn-OFF transient, and Q SB(t F ) , removed during the current drop section of the turn-OFF transient. The X V region is the length of the part of the base which incorporates the Q SB(t V ) minority carrier charge, whereas X ON is the length at which the Q SB(t F ) minority carrier charge is stored during current turn-OFF.
To understand the transient dynamics, the dependencies of key parameters, such as carriers mobility, diffusion coefficient, and the minority carriers lifetime must be first discussed.
The temperature dependence (<500 K) of mobility of holes and electrons in silicon and 4H-SiC in low doping is [18] 
So, the diffusion coefficient reduces with temperature due to the strong inverse temperature-dependence of mobility as
The key dependencies for the minority carrier lifetime of electrons and holes in silicon [19] , [20] and 4H-SiC [21] , [22] for temperatures below 500 K can be also defined as
The increase of minority carrier lifetime by temperature increases the recombination periods, so it impacts the model's predicted transient times. The minority carriers lifetime of 4H-SiC is about 100 times smaller than silicon, resulting in faster transients with less temperature-dependence, as shown in (3) . The impact of this is discussed in Section IV.
The "Webster Effect," as the increase of collector current beyond the onset of high-level injection (HLI), must also be considered in the model's accuracy. The onset is defined by
Turn-ON and turn-OFF transients models [18] , [19] are described in the following sections.
A. Turn-ON
At the point of turn-ON, the holes injected in the base will be diffused toward emitter and attract the electrons toward the P-body base. The reverse bias of the base-collector junction results in drift of minority carriers (electrons) toward the collector, resulting in onset of conduction. The turn-ON transients are divided in to the minority carrier charge build-up phase, the current rise phase, and voltage drop phase.
1) Charge Build-Up Time:
To turn-ON the BJT, the base first has to build-up enough minority carrier charge to conduct. The minority carrier charge injected from the emitter requires time to travel through the base to reach the collector. The initial recombination in base will make this period longer and it is exacerbated with thicker base region and increase base doping density. This is called "transit time." After this period, enough minority carrier charge is available in the base for turn-ON transient. Knowing D n is the diffusion coefficient, we have
2) Current Turn-ON Time: To demonstrate the time required for current turn-ON to complete, the rate of minority carrier charge increase in the base has to be determined by its current density, J B as
The base current at turn-ON will be in saturation region and, therefore, the charge in the base Q B rises without increasing the collector current, which means at this stage, the value of the βJ B can be considered constant [6] . Once reached full ON-state current, we will have
On the other hand, minority carrier charge stored by the electrons is defined according to the triangular space-charge region in the base as
where n B accounts for the carrier concentration. Combining the above equations, the relationship between the rate of increase of collector-emitter current with time can be determined as
where J C is the collector current density. From this, the time required for the current turn-ON transient is
In-line with the physical expectation, it can be seen from (10) that as the base gets wider, the rate of rise of current is reduced. Therefore, for SiC with smaller width of the base, this value should be significantly smaller than silicon devices. Also as is demonstrated by (9), should the base current J B to be reduced, it will take linearly increased time for the collector current to rise. These predictions will be shown to be in-line with measurements in the next sections.
To examine the impact of temperature on the duration of the current turn-ON transient, several factors have to be considered. Reduced mobility of carriers in higher temperature to hinder the turn-ON is expected. Looking at (10), it can be seen that the width of the base region is independent of temperature and the only temperature-dependent parameter is the diffusion coefficient of electrons in the denominator as
Despite the apparent direct linear dependence of diffusion constant with temperature in (11) , it actually reduces with temperature in-line with (2) due to significant temperature-dependence of the mobility. Implementing (2) in (11) and subsequently replacing it in (10), it becomes clear that by increase of the temperature, the duration of current turn-ON transient must be increased.
3) Voltage Turn-ON Time:
During turn-ON, first the BJT will take on the nominal current before its voltage drops to the ONstate level. As shown, the rate of increase of the current during turn-ON depends on the rate at which minority carrier charge is build-up in the base region of BJT, whereas the rate at which voltage drops depends on the rate at which minority carrier charge in build-up in the drift region. The stored minority carrier charge in collector side of collector-base junction Q SC increases, resulting in the decrease of the ON-state resistance, which subsequently results in reduced voltage drop. The period is defined by the minority carrier charge build-up per collector-current as
None of the parameters in the numerator of (12) are temperature dependent. However, J C is temperature dependent through temperature dependence of diffusion coefficient, resulting in t V on to increase with temperature. This will be shown to be in agreement with measurement in the next section.
B. Turn-OFF
During ON-state, the base and drift region of BJT is flooded with minority carriers. Therefore, at turn-OFF, there will be a period of delay as a result of recombination and extraction of the stored minority carriers, which is mainly in the base. This is called the base minority carrier charge storage time. Once this phase is over, then the depletion region can start to form to initiate the voltage rise and current drop phase can follow to complete the turn-OFF transient.
1) Charge Storage Time:
Using (10), the charge stored in the base of the BJT can be written as
The stored minority carrier charge in the collector region can also be determined by the minority carrier charge from (12) as
where the width of the stored minority carrier charge section in the drift region of device, measured from the base-collector junction, is
As a result, the total stored minority carrier charge is
and from the stored minority carrier charge, storage time can be derived as
Looking at (17), it may appear that with increase of base resistance, the base current will be reduced, which will result in increase of the storage time. However, the base current and collector current are proportionate to each other with h FE (β). On the other hand, the impact of base current can be accounted for in the W N as the charged region expands further in the drift region as the current increases. This means that with decrease of base current as a result of increase of base resistance, the minority carrier charge storage area is decreased and therefore the delay period decreases. On the other hand, it is clear that the diffusion coefficient (D n ) has a critical role in determination of storage time. As shown in (2), the diffusion coefficients reduce with temperature and therefore the storage time will increase with increase in temperature. The significant dependence of the storage time to dimensions of the base and collector regions (by power of 2) means that reducing the size of the device should reduce the stored charge significantly. As will be seen, 4H-SiC is using this property for achieving a swift transient as oppose to slow response time of the silicon device to the base signal.
2) Voltage Turn-OFF Time:
For the voltage to start to rise at turn-OFF, minority carrier charge in the depletion region must be removed. The amount of the remaining charge depends on the area of depletion region. This can be shown as (18) from which the voltage dropped on this region can be written as
from which the time for rise of collector voltage can be written as
where the diffusion coefficient is the main temperaturedependent parameter, which reduces with temperature in-line with (2) . So, the required time for rise of collector voltage has to increase with temperature. This will be confirmed to match the measurements.
3) Current Turn-OFF Time:
The base charge transient rate is
where I x (X ON ) [18] , [19] can be written as
where X ON is the portion of the base which is still in ON-state and the L E is the length of the emitter region. The current turn-OFF time period can be derived by (21) as
where X V is the portion of base region that is turned-OFF by rise of the voltage and the diffusion length is [13] L n = D n τ n .
Equation (23) shows that t I off is also temperature dependent via the diffusion coefficient and minority carrier lifetime. With increase of temperature, the diffusion coefficient reduces as per (2), whereas the carrier lifetimes increases with temperature with almost the same rate as per (3) . Therefore, the diffusion length is almost temperature invariant. Nevertheless, the reduction of the diffusion coefficient with temperature results in increase of the time required for the current to fully turn-OFF. This will be in-line with results of experiments. The modeling analysis provided in this section will be used in Section IV to understand and explain the experimental measurements and to evaluate the difference of the models applicable to the silicon and 4H-SiC BJTs. 
III. EXPERIMENTAL SETUP
To understand the impact of base resistance and temperature on latest generation of high-voltage (≥800 V) silicon and 4H-SiC power BJTs, a range of experimental measurements are performed. To this end, power BJTs are connected in a doublepulse arrangement with parameters, as described in Table II , and a dedicated base driver with driver parameters, as described in Table III , to switch the BJTs. They are connected to a highvoltage (1200 V) SiC Schottky barrier diode and a 4-mH load inductor. The base resistance of the driving circuitry is changed from 3.75 to 11.75 Ω, whereas the Si/SiC BJT temperature is linearly increased from 25 to 175°C in steps of 25°. The double-pulse durations are sufficient to increase the current to 10 A given the size of inductor, whereas the applied voltage to both the silicon and SiC BJT is 800 V. The wide range of measurements enable accurate estimation of performance of both devices in applications. Fig. 2 shows the circuit for the test rig, which is comprised of a high-voltage 4-kV ETPS power supply connected to 5-mF dc link capacitors mounted on the test board, as given in Table II . The high-voltage transistors are GeneSiC 4H-SiC BJT (1700 V) and Fairchild silicon BJT (800 V), whereas the load antiparallel diode is a CREE SiC Schottky diode. When analyzing the measurements, one should take into account the difference between the voltage rating of the SiC device (1700 V) with the silicon device (800 V) for the closely rated current capability of 15-20 A for both devices, whereas the test conditions have been 800 V and 10 A. The base driver, as given in Table III , is connected to the transistors in a common-emitter configuration through a variable base resistor. Measurements are captured via two GW-Instek GDP-100 100 MHz voltage probes and current Rogowski coils connected to a Keysight MSO7104A 1-GHz 4 GSa/s oscilloscope.
To prevent oscillations on the dc link upon switching, a highvoltage 100-nF decoupling capacitor is connected between SBD diode cathode and BJT emitter, immediately in vicinity of DUTs. Fig. 3 shows the test components inside the test rig. The test board is capable of sustaining voltages as high as 1.2 kV while the tests have been performed at 800 V. The stray inductance is minimized by ensuring that the components are as close to each other as possible. The stray inductance of the test board is estimated to be 60 nH. Table IV enlists the main properties  of the DUTs and Table V enlists the extracted physical parameters [18] , [19] , [23] [24] [25] [26] .
The collector-emitter voltage limit of silicon device is 800 V and, therefore, the tests have been limited to this. It must be noted that this is one of the highest voltage levels available for a commercial silicon BJT [27] . The SiC device, on the other hand, can sustain voltages as high as 1700 V with prospect of emergence of higher voltage SiC devices in the foreseeable future. It can be seen in Table IV that despite having larger blocking voltage capability and close current rating, the power dissipation limit for the SiC device is lower than that of the silicon device, which is primarily due to smaller die size and the limited heat transfer between the die and case. Nevertheless, a key advantage of SiC BJTs compared with high-voltage (800 V) silicon BJTs is their significantly higher dc gain, typically an order of magnitude higher, primarily due to significant reduction in the width of the base and drift regions enabling a more compact structure, reducing losses in the driver and enhancing the efficiency of the emitter injection. The SiC BJT is more rugged than SiC MOSFETs due to lack of the silicon-oxide gate failure mode [5] , whereas the high dc gain means the driver's output current is in the same range.
IV. EXPERIMENTAL MEASUREMENTS
Dynamic transients of vertical silicon and SiC BJTs are evaluated by comparison of their switching characteristics. Fig. 4 shows the base and collector current ramp-up at 800 V. Fig. 4(a) shows when the base turns-OFF, a significant delay exists until the collector current drops and the silicon BJT turns-OFF. This is about 10 μs at 25°C while with increase of temperature it further increases. The delay for second pulse is shorter as the interval available for carriers to be stored is reduced. On the contrary, Fig. 4(b) shows that for the 4H-SiC BJT, both the turn-ON and turn-OFF transients take place almost concurrent with the switching of the base current, indicating the role of significantly smaller drift region, shorter base width, and lower minority carrier lifetime in the SiC device. This is a promising feature for application in higher frequency. Fig. 5 shows the trends of turn-OFF storage time with base resistances and temperatures. It is seen that the storage time in silicon BJT is averaging 10 μs thereabouts, hindering its utilization in high frequency applications while the values of delay in SiC are much lower, as indicated in the legend. This indication has been done in all figures where measurements values for SiC are not easily distinguishable due to the significant differences with silicon. The delay further increases with increase of temperature due to increase in minority carrier lifetime at higher temperatures. It is also shown that storage time is reducing with increased base resistance due to the reduced width of storage region. The lower storage time in SiC was expected from (17) where it is seen that as the width of the base and drift region reduces the storage time will reduce. Therefore, the reduction of storage time in SiC significantly relies upon smaller dimensions of the die.
To evaluate the switching performances, the time it takes for each device to complete its transient is measured by calculation of the period it takes to reach the expected value, excluding the impact of turn-OFF delay period. In-line with the analysis of Section II, each switching is separated into two sections: the minority carrier charge displacement and the transients phase described in terms of current and voltage switching times. The initial minority carrier charge build-up phase is small for both devices; however the minority carrier charge recombination phase (turn-OFF delay period) is substantial, especially for the silicon device due to the higher minority carrier lifetime of silicon by two orders of magnitude. Fig. 5 has plotted this delay. Figs. 6 and 7 indicate the transient time for the current/voltage to reach the same level. The impact of turn-OFF delay on increase of the current is not considered to enable a fair comparison between transient times. Fig. 6(a) shows the time it takes for the current to ramp-up to ON-state when switched at 800 V and 10 A. It is seen that the turn-ON time for current is higher for silicon BJT compared with the SiC device and the transient period increases as the base resistance increases, which results in less base charge supplied to the device to turn-ON. The current transient is also temperature dependent in silicon device, with a bolder impact as the base current in the device is reduced. On the contrary, the current turn-ON phase for the SiC is short without significant temperature dependence. This was demonstrated by (9) , which indicates that the increase of current with time depends on the base width by power of two, which is smaller for SiC, hence resulting in a faster current transient. Fig. 6(b) shows the same characteristics for the turn-OFF transient. It can be seen that the turn-OFF transient for current is significantly longer than its turn-ON by an order of magnitude, which was expected due to storage of carriers and subsequent extraction and recombination in the base and drift regions of device, whereas in the SiC device, this is significantly shorter due to the low minority carrier lifetime and smaller dimensions of the die. This is in-line with the trend expected by (23) where the dependence of current turn-OFF time with base width with power two means the devices with thicker base region would have a slower current transient time. Fig. 7(a) shows the period voltage takes to drop in the turn-ON transient. It is seen that by increase of base resistance, the time required for voltage drop increases as it takes longer to fill the depletion region by carriers and consequently reduce the voltage drop across the BJT. Also, by increasing the temperature, the voltage drop transient at turn-ON prolongs as the diffusion constant of carriers reduces with increase in temperature. This is in-line with expectations by (12) where the turn-ON time of the voltage is seen to increase as the charge stored in collector side is higher (which means a higher negative base current is required for extraction which requires a lower base resistance) and it increases with temperature as the diffusion constant in the denominator reduces. Fig. 7(b) shows the period voltage takes to rise at turn-OFF. As seen, the dependence is largely on temperature than the base resistance. At higher temperatures, due to higher carrier lifetime in silicon and reduced mobility, it takes longer for the carriers to leave the drift region to enable the space-charge to form. Hence, the voltage rise transient interval is longer in higher temperatures, which was expected from (20) due to the impact of diffusion constant. In SiC device, the smaller die size enables faster temperature-invariant transient. Figs. 6 and 7 are derived based on the switching performance of vertical silicon and SiC BJT, which is demonstrated in Figs. 8  and 9 . These figures indicate the current and voltage turn-ON and turn-OFF transients for both silicon and SiC devices in the same graph to enable a fair comparison between the switchings. Fig. 8(a) shows the current turn-ON transient for both the silicon and SiC BJTs. The turn-ON current in SiC device is slightly faster, although it is prone to more ringing compared with the silicon device. However, the difference in the collapse of voltage in the two devices is much more evident. As seen in Fig. 8(b) , the voltage drop in the silicon device takes much longer than the SiC device, which is due to the significant difference in the widths of the drift regions. This is expected in line with (20) . It should be noted that the ON-state current in the silicon device is higher than the SiC device due to the turn-OFF storage delay resulting in prolonged period of load current ramp-up. This is demonstrated in Fig. 4 . Fig. 9 shows the turn-OFF transients. Fig. 9(a) shows the current transient, where the silicon device is much slower compared with the SiC device. The ON-state current is higher for the silicon device due to the impact of turn-OFF delay. At increased temperature, the increased carrier lifetime and lower mobility results in prolonged periods of extraction and recombination of minority carriers, which results in slower switching commutation. As the carriers are removed slower, the formation of space-charge in the drift region will also take longer, resulting in lower dV/dt and higher losses. In case of the SiC device, it can be seen that the transient is faster as minority carrier lifetime is lower and die size is smaller.
An important phenomenon that impacts the transient durations of the devices is the high-level injection. The high-injection effect has to be considered in the forward biased base-emitter junction. The effect of high injection is more noticeable in the base region as its doping is typically an order of magnitude lower than the emitter region. Injection of electrons in the base from the emitter side increases the carrier concentration which would reduce the injection efficiency and the dc gain. As the doping in the base of the SiC BJT is higher than that of the silicon device (typically by an order of magnitude), the onset of reduction of gain in SiC device occurs at higher currents, which is closer to the current rating of the device and hence an optimized performance. Therefore, HLI is seen to have a considerably less impact for the same current conduction level on SiC devices, as demonstrated in Fig. 9 , with the sharp rate of current transient [28] [29] [30] [31] [32] .
It can be seen in Figs. 8 and 9 that the performance of the silicon device is significantly dependent on temperature, whereas the switching transients of the SiC BJT are relatively invariant of temperature. This is due to several different factors such as the following.
1) The minority carrier lifetime in SiC is about two orders of magnitude less than that of the silicon. As a result, the recombination phase in turn-OFF transients of the SiC is very fast. Equation (3) had also shown that the impact of temperature on minority carrier lifetime of SiC is less.
2) The wide-bandgap of SiC means the thermal energy required by carriers to jump the energy bands is higher. Therefore, increased scattering and Auger recombination by generation of additional carriers is limited.
3) The higher critical electric field of SiC also means that the device dimensions are smaller. Therefore, all parasitic elements including the junction capacitors are minimized. This increases the gain, which reduces the base current and results in more damped oscillations, as shown in Fig. 11 . The aforementioned features make the SiC BJT an attractive choice in high-temperature applications. Figs. 8 and 9 show very stable performance for the SiC device in a large range of temperatures in contrary to the silicon device. SiC bipolar devices have little temperature-invariant residual charge as is reflected here in terms of much shorter turn-OFF charge storage delay. This is due to the significantly lower minority carrier lifetime in SiC and its less temperature dependence. Accurate estimation of minority carrier lifetime especially in high temperature is challenging as many parameters influence it. This impacts the accuracy of the models. SiC BJTs normally exhibit slightly positive temperature-coefficient but thanks to the wide-bandgap of SiC, it can even be made negative (NTC) with careful fabrication, i.e., increase in junction temperature will activate more acceptor dopants by ionization than thermally excited generation of carriers in the wide bandgap. This is done by partial ionization of aluminum dopants in the base at low temperatures [22] and increase in concentration of holes in the base at higher temperatures, resulting in reduced emitter efficiency [22] . This makes the SiC BJTs suitable for parallel connection in high currents.
The fast switching transients in SiC result in lower losses compared with silicon BJT. The thermal conductivity of the SiC is also more than double of the silicon, which means that the resultant switching energy is dissipated more effectively. Together, these mean that the thermal stress on the SiC device junction is lower than that of the silicon device under the same conditions. Figs. 10 and 11 show the turn-ON and turn-OFF base current of both devices when switched at 800 V and 10 A. The turn-ON current spike, while having the same duration, is 3.5 A for the silicon device, whereas it is 2.5 A for the SiC device. This peak is followed by reduced ongoing steady-state current. The initial spike supplies enough current to charge the junction parasitic capacitances and supply enough carriers to the base region to initiate turn-ON. Subsequently, the base current is reduced to steady-state level to maintain the BJT in ON-state while keeping the driver losses low. The parasitic capacitances in the SiC BJT are smaller than that of the silicon device, so the initial peak is reduced by 1 A. The ON-state current in SiC is also lower due to higher dc gain. This means that the SiC device can be drived by a cheaper and smaller driver, with higher driver efficiency. It is seen that in neither case, the base current supplied by the driver is affected by the temperature of BJTs as parasitic capacitances are temperature invariant. Fig. 11 shows the base current for turn-OFF transients. As shown in Fig. 11(a) , at turn-OFF, the large charged base capacitors are coupled with stray inductances in the silicon device and discharge significant current peak of −2 A with coupled with large oscillations. The peak discharge current in SiC BJT base is only −1 A with a damped ringing due to the smaller parasitic capacitors as a result of the smaller dimensions of the SiC die. Fig. 12 demonstrates the switching energy of the silicon and 4H-SiC devices at turn-ON and turn-OFF in the spectrum of temperatures and chosen base resistances. The switching energy is derived by taking the integration of transient power (VI) over the time span of each switching event. It can be seen that the switching energy of the 4H-SiC BJT in all cases is much smaller than that of the silicon device, in range of hundreds of μJ. It can also be seen that due to the increase of transient times with temperature, in both turn-ON and turn-OFF, the transient switching energy is increased with temperature. As expected from Figs. 6(b) and 7(b), the impact of the base resistance on turn-OFF switching energy is small since the turn-OFF transient is less dependent on the base current. On the contrary, Figs. 6(a) and 7(a) show that the current and voltage transient times at turn-ON increase with base resistance, so Fig. 12(a) indicates an increase in switching energy.
Parameters listed in Tables IV and V are implemented in the models of Section III to evaluate the performance of the silicon and 4H-SiC NPN BJTs, with comparison to the measurement results in Table VI . As expected by (5) and (10), the initial minority carrier charge built-up and turn-ON current transient times are similar. The overall predictions of the transients match reasonably well with experiment, especially for the case of SiC device, although the estimation for the turn-OFF minority carrier charge [32] are removed from the model as it is aimed for industrial electronics applications rather than device fabrication. The input parameters are also not necessarily constant such as the graded junction dopings and some dynamically change such as the base stored charge and the minority carrier lifetime, especially under influence of HLI. Minority carrier lifetime particularly impacts the accuracy of calculation of turn-OFF delay time. Nevertheless, both the measurements and model output confirm that the 4H-SiC BJT has superior performance with a practical application outlook.
V. CONCLUSION
A comprehensive range of dynamic transient measurements were presented in this paper, along with validation of an analytical model for the switchings of high-voltage silicon and 4H-SiC NPN BJTs. Measurements performed at 800 V and 10 A with temperatures up to 175°C indicated that the 4H-SiC device outperformed the silicon device by a significant margin. As shown experimentally, the voltage and current transient times in 4H-SiC were at least an order of magnitude shorter than that of the silicon device. This improved performance in dynamic transients of the 4H-SiC device yielded a much lower switching energy compared with that of the silicon device with smaller base current. The turn-OFF delay time in 4H-SiC device was much lower, whereas the switching transients were distinctly temperature invariant compared with silicon. These translate into higher frequency switching with smaller driver for size reduction of passive and cooling ancillaries, enabling compact applications. The turn-ON and turn-OFF switching models were validated with measurements and indicated reasonable output for both the silicon and 4H-SiC NPN power BJTs.
